A n am ino d eriv a tiv e of th e n a tu ra l glucuronide, eux an th ic acid, was p re p a re d a n d coupled b y th e azo-link to proteins.
T hese azo-proteins gave p re c ip ita tes w ith ty p e I I pneum ococcus a n ti serum , w hich were in h ib ite d b y glucuronides. T he effect of v arying azop ro tein /seru m ra tio on th e a m o u n t a n d com position of th e p recip itate was sim ilar to th e effect of v ary in g polysaccharide/serum ra tio on th e precip itate form ed w hen th e specific p o lysaccharide is ad d ed to th e serum .
A tte m p ts to im m unize ra b b its a n d m ice w ith am ino-euxanthic acid azo p ro te in w ere n o t successful.
C hem ical estim atio n s a n d an im al p ro tectio n exp erim en ts in d icated th a t th e m a te ria l p re c ip ita te d b y th e azo -p rotein from th e serum was p a rt of th e a n tib o d y to ty p e I I pneum ococcus.
These resu lts su p p o rt th e view th a t a t a n y ra te p a rt of th e specificity of ty p e I I serum for th e ty p e p o lysaccharide is due to glucuronic acid or some closely sim ilar grouping.
The reaction between type I I pneumococcus antiserum and a glucuronide azo-protein Work with artificial antigens, notably the azo-protein studies of Landsteiner and his school, has established the following facts about the chemical specificity of immune reactions with this class of antigen:
(1) An animal immunised with a protein coupled with a well-defined chemical grouping gives an antiserum that will precipitate the original or any other protein coupled with this 'determinant group'.
(2) Smaller precipitates are sometimes given with proteins coupled to groupings closely related chemically to the determinant group.
(3) Small molecules containing the determinant group-' haptenes '-inhibit the formation of the precipitate. These facts are reasonably ex plained by the hypothesis that the antibody contains combining areas having a specific affinity for the determinant groups in the antigen, and sometimes a smaller affinity for chemically related groups; and that haptene molecules prevent access of the antigen by combining with and so blocking the receptive areas of the antibody. [ 60 ] Pneumococcus antiserum and a azo-protein 61
The question arises, whether these artificial antigens are valid models of natural antigens. In other words, can immunity to unaltered proteins, natural pathogens and toxins, and the like, be traced to definite determi nant groups in the antigen?
The possibility of answering this question for certain pathogens was opened up by Heidelberger and Avery, who isolated, from various sero logical types of the pneumococcus, complex bodies of polysaccharide nature, chemically different for each type, and giving specific precipitates with the type antiserum. Similar specific substances have been isolated from cultures of other organisms. The polysaccharide of type II pneumo coccus has acidic properties, and on hydrolysis yields glucuronic acid. Heidelberger, Avery and Goebel (1929) showed that gum acacia, partially hydrolysed to remove part of the pentose, gives a precipitate with type II pneumococcus antiserum. This gum product also has acidic properties and gives glucuronic acid on hydrolysis. Marrack and Carpenter (1938) showed that a number of other partially hydrolysed plant gums, most of which have been shown to contain glucuronic acid, give similar precipitates. Precipitation of the glucuronic-acid-containing gums is inhibited by glucuronic acid and simple glucuronides, but not by other sugars or sugar acids. Glucuronic acid also delays the appearance and reduces the amount of precipitate from type II antiserum and the pneumococcus polysac charide. These observations are similar to the results with artificial anti gens, and strongly suggest that the specificity for type II pneumococcus antiserum of the plant gums is wholly, and of the pneumococcus poly saccharide at least partly, due to the presence in the molecule of the glucuronic acid residue or some closely related chemical grouping.
In order to test this suggestion, it was considered desirable to prepare an artificial antigen, having nothing in common with the pneumococcus polysaccharide except the glucuronic acid group, by coupling a suitable glucuronic acid compound to a protein, and to study the behaviour of this compound towards type II pneumococcus antiserum. The work to be described gives the results of such a study.
When the work was commenced, there was no method of preparing an artificial glucuronide suitable for coupling to a protein. Search was there fore made for a suitable compound among the natural glucuronides, and an ideal substance was found in euxanthic acid. Shortly after a preliminary account had appeared of the results with euxanthic acid (Woolf, Marrack and Downie 1936) , a brief report was published by Goebel of results with a p-amino-phenol-glucuronide-azo-protein (Goebel 1936a) , followed by a full account (Goebel 19366 ). Goebel had succeeded in working out a general method for attaching uronic acid residues to proteins, and had shown that his glucuronide-azo-proteins reacted in high dilutions with antipneumococcus horse sera of types II, III and VIII. Thus, while the work described in this paper was being done, with amino-euxanthic acid azo-protein as test antigen, Goebel was simultaneously doing similar experiments with his p-amino-phenol-glucuronide-azo-protein. It is re markable how closely the results agree. Inhibition by glucuronides but not by derivatives of other sugar acids was observed in both cases. In neither case was the glucuronide-azo-protein able to protect rabbits against pneumococcus infection. In the work described below, the presence of pneumococcus antibody in the azo-protein precipitate was proved by animal tests. Goebel and Hotchkiss (1937) obtained strong evidence by means of absorption experiments.
The results of Goebel and those to be described mutually confirm one another. It is worth while commenting on the different chemical methods used. The general method devised by Goebel is of course of the greatest importance, as enabling any uronic acid residue to be tested as required against a serum. But the methods described below may also be of value in future work. Suitable natural compounds may render unnecessary a tedious synthesis, or be used to confirm results obtained with synthetic material. The method of introducing the amino-group, by coupling with a diazo-compound and subsequent reduction, may also be of value even in synthetic procedure, as a possible alternative to the introduction and reduction of a nitro-group. As applied to the natural osides and uronides, it allows of any such compound with a free para-or ortho-position to a phenolic hydroxyl group being coupled to a protein, greatly extending the range of natural compounds that can be used. There is thus room for the application of the chemical methods here described as a useful supplement to the general synthetic procedure described by Goebel.
The formula of euxanthic acid is H O Unlike most glucuronides, it is highly stable, being hydrolysed only by boiling dilute acid under pressure. It is easily purified by recrystallization from alcohol. The benzene ring shown on the left contains a free place to a phenolic hydroxyl group, where a diazo-compound can readily be coupled. The only disadvantage of euxanthic acid is its scarcity. All the work described was done with a few grams of the compound. Preliminary tests showed that sodium euxanthate inhibited gum acacia precipitation and delayed the precipitation of the specific polysaccharide by type II antiserum in concentrations comparable with those of glucu ronic acid itself, so that the glucuronic residue in euxanthic acid is in a suitable configuration for testing against the type II antiserum.
In order to couple the euxanthic acid to a protein, it is necessary to introduce an amino-group into the molecule. This was done by the follow ing series of reactions: A weighed amount of atoxyl (p-amino-benzene-arsinic acid) was diazotized and poured into an ice-cold solution of the stoichiometric quantity of euxanthic acid dissolved in excess of dilute caustic soda. The yellow solution rapidly turned deep red. After standing overnight, the atoxylazo-euxanthic acid was precipitated by hydrochloric acid, filtered off from the red mother liquor, and washed with dilute acid till the washings were colourless. It was then dissolved in dilute sodium hydroxide, brought to the boil, precipitated with hydrochloric acid, and allowed to cool. The com pound was obtained as bright yellow needles. The atoxyl compound was used as intermediary because, of the compounds tried, it was the easiest to purify. It behaved like glucuronic acid in inhibiting precipitations by the type II antiserum. Great difficulty was experienced at first in reducing the azo-compound to obtain the free amino-euxanthic acid. Most reducing agents gave brown products containing impurities which could not be eliminated. Finally, the following procedure was invariably found to give a crystalline product. The azo-compound was dissolved in a very small volume of dilute sodium hydroxide, and excess of solid sodium hydrosulphite was added. After half an hour, dilute hydrochloric acid was added drop by drop until a maximum precipitate was obtained. This point was very easy to observe, as the solution became almost solid with a feltwork of tiny crystals. After cooling to 0° C, the precipitate was filtered off, washed with a very little ice-cold water, and suspended in a small volume of water. It was then cautiously heated until solution was complete, filtered hot, and allowed to crystallize in the refrigerator. Recrystallization was carried out in the same manner. The amino-euxanthic acid was obtained as golden yellow long square prisms. It was easily soluble in acids and alkalis, and in warm water, and very sparingly soluble in ice-cold water. Titration with nitrous acid showed that all the nitrogen was present as an aromatic amino group. Amino-euxanthic acid behaves like glucuronic acid in inhibiting pre cipitations by type II antiserum.
Amino-euxanthic acid azo-proteins were prepared as follows. A weighed amount of amino-euxanthic acid was dissolved in dilute hydrochloric acid, and diazotized at 0° C with sodium nitrite in the usual way. The diazo solution was poured into an ice-cold solution of the protein, enough sodium hyroxide being added to make the solution just alkaline. The colour gradually deepened, but complete coupling was rather slow, and the mix ture was left overnight in the refrigerator. The azo-protein was precipitated by hydrochloric acid, centrifuged off, suspended in a little water, and redissolved by being rubbed up with a glass rod while sodium hydroxide solution was cautiously added, care being taken to avoid local excessive alkali concentrations that would give rise to insoluble lumps. The gelatinous mass was rubbed up with several volumes of water until solution was complete, and the azo-protein was again precipitated with acid and centri fuged off. The solution and precipitation were repeated until the super natant was pale or colourless, usually after three or four treatments. The alkaline solution of azo-protein was then placed in a collodion sac, and dialysed in the refrigerator against several changes of 0-9 % sodium chloride solution, until coloured products ceased to dialyse out. Any precipitate which formed was centrifuged off. The azo-protein solution so obtained was a neutral, clear deep brown fluid, isotonic with serum. For immunizing rabbits, the protein used was horse serum globulin. For precipitating immune sera, the amino-euxanthic acid was coupled to twice recrystallized egg albumin. The ratio of protein to amino-euxanthic acid, in various preparations, ranged between 2 : 1 and 10 : 1.
The azo-protein readily gave precipitates with horse antiserum to type II pneumococcus, the effect being still observed when the azo-protein was diluted to 1 : 10,000. Precipitation was inhibited by glucuronic acid, euxanthic acid and its derivatives, and borneol glucuronide, but not by mannuronic or galacturonic acids. The precipitates were readily soluble in glucuronic acid and glucuronides, but not in the other uronic acids. They were also easily soluble in alkali.
The 'zone phenomenon' was observed. In a series of tubes containing a given volume of serum and increasing amounts of azo-protein, there was an ' optimum ratio ' at which precipitation was observed to begin earliest. The more the ratio differed from the optimum, whether the serum or the azoprotein was in excess, the later the commencement of precipitation. Dilution of the mixtures with saline did not alter the optimum ratio. This was precisely analogous to the behaviour of the serum with the specific polysaccharide or the gums. Figure 1 shows the effect of varying the amount of azo-protein added to a constant amount of serum on the amount and composition of the precipi tate. The azo-protein used was made by coupling 0-1 g. of amino-euxanthic acid to 0*25 g. of egg albumin. Precipitation was carried out in small Pneumococcus antiserum and a glucuronide azo-protein 65 Vol. 130. B. 66 B. Woolf centrifuge tubes. Each tube contained 1 ml. of serum, the required volume of azo-protein solution, and 0-9 % sodium chloride solution to bring the total volume to 4 ml. The various solutions were cooled to 0° C, and the mixtures were made in a water-bath containing melting ice. The tubes were left in the refrigerator for 24 hr., when precipitation was complete. The various precipitates were then centrifuged down, the supernatant pipetted off, and the precipitate washed twice in ice-cold 0-9 % saline. The precipitate was then dissolved in a little very dilute sodium hydroxide, transferred quantitatively to a suitable graduated tube, and made up to exactly 1 ml., a trace of caprylic alcohol being added to counteract frothing. The brown solution was then compared in a micro-colorimeter with a suitable dilution, made faintly alkaline, of the original azo-protein solution. From the colorimeter reading and the nitrogen content of the azo-protein solution, the azo-protein nitrogen in the precipitate was calculated. The redissolved precipitate was then washed quantitatively into a hard glass tube, and the total nitrogen determined by the micro-Kjeldahl method of Parnas and Wagner. The difference between total nitrogen and azoprotein nitrogen gave the antibody nitrogen in the precipitate.
The two curves shown in full lines give the antibody and the azo-protein nitrogen in the precipitate. The arrow shows the 'optimum ratio' as determined by the earliest appearance of precipitation. It will be seen that the antibody in the precipitate rises to a maximum and then falls, the highest point being well beyond the optimum ratio. This is what is found with type II antiserum and the polysaccharide, as well as with atoxyl azo-protein and its antiserum (see curves in Woolf, next paper). At very low values of added azo-protein, almost the whole of it is recovered in the precipitate. After that, the amount precipitated rises very slowly. The dotted curve (ordinate values on right) shows the ratio of antibody nitrogen to azo-protein nitrogen in the precipitate. It falls steeply at first, approximately in a straight line. After the maximum of precipitation, the points lie on another straight line, falling much less steeply. Similar curves for the antibody/antigen ratio were obtained by Heidelberger and Kendall (1929) with pneumococcus polysaccharide and its antiserum.
The quantitative relations between the amount of antigen and antibody in the reaction mixture, and the amount and composition of the precipi tate, are thus very similar for the specific polysaccharide and the aminoeuxanthic acid azo-protein.
Attempts were made to immunize rabbits with amino-euxanthic azohorse globulin, with a view to testing whether the antiserum would react with the bacterial polysaccharide. The rabbits were immunized by intra venous injections, twice a week, and serum was taken for test after 6 weeks, and thereafter at intervals for several months. None of the three rabbits used gave a serum that would react either with amino-euxanthic acid azoproteins or with the bacterial polysaccharide. Rabbits vary widely in their susceptibility to immunization with the artificial azo-protein antigens. The failure of these preliminary experiments with only three animals, and with only one azo-protein preparation, does not necessarily mean that aminoeuxanthic acid azo-proteins cannot act as antigens. Further work with a larger number of animals and with preparations of azo-protein containing different proportions of amino-euxanthic acid groups is desirable. Experi ments were also kindly made by Dr A. W. Downie, in which mice, previously treated with an immunizing course of injections with aminoeuxanthic acid azo-protein, were subjected to type II pneumococcus infection, and compared with untreated controls. No protective effect of the azo-protein injections could be observed.
The following experiments show that the serum protein carried down by the azo-protein from type II anti-pneumococcal serum is actually pneumo coccus antibody.
A known volume of antiserum was precipitated with azo-protein. The precipitate was centrifuged off, and the antibody nitrogen was determined as described above. The supernatant was then precipitated with the optimal amount of type II specific polysaccharide, and the nitrogen in the precipi tate was estimated. The nitrogen precipitated by the polysaccharide from untreated serum was also determined. The results, calculated for 1 ml. of serum, are shown in table 1. It is clear that the azo-protein removes from the serum part of the material precipitable by the specific polysaccharide. The presence of pneumococcus antibody in the azo-protein precipitate was further shown in the following animal tests, very kindly done by Dr A. W. Downie. A known volume of type II pneumococcus antiserum was precipitated with amino-euxanthic acid azo-protein, and the pre cipitate was centrifuged off, the supernatant being collected. The precipi tate was washed, dissolved in sodium euxanthate, and made up to the original volume of the serum with 0*9 % saline. Thus there were three solutions to be compared for pneumococcus antibody-redissolved precipitate, supernatant, and the original serum.
An eight hour culture of a virulent strain of type II pneumococcus was prepared, and injected into mice. One group of mice was injected at the same time with various dilutions of redissolved precipitate, a second group with supernatant, and a third with whole serum. A fourth control group was treated only with the virulent culture. The results are shown in tables 2 and 3. The symbol 0 denotes a mouse that survived for 48 hr., and + a mouse that died during that period.
The number of animals used was too small, of course, for a quantitative assay. But the results show, beyond doubt, that the precipitate from 0-04 ml. of serum contained enough antibody to protect a mouse against half a million times the lethal dose of a virulent culture of type II pneumo coccus, and are consistent writh the relative protective content of the three solutions suggested by the chemical analysis figures in table 2. There can be no doubt, therefore, that what the azo-protein precipitates from the serum is part of the antibody to type II pneumococcus.
The amino-euxanthic acid azo-protein differs most fundamentally in chemical constitution from the specific polysaccharide in all respects save one, that they have a glucuronic acid grouping in common. Yet the immunological behaviour of the azo-protein towards the serum is very similar, qualitatively and in its quantitative relations, to that of the polysaccharide. The main differences are that the azo-protein precipitates T a ble 2. Controls E ach mouse was injected w ith 0-5 m l. o f th e dilu tio n of th e v iru len t culture show n in colum n 1. dilu tio n of cu ltu re 10-6 io-7 T a ble 3. E x p e r im e n t a l s E ach mouse was injected w ith 0-5 m l. of a 1/20 d ilu tio n of th e culture, an d an am o u n t of pro tectiv e fluid corresponding to th e volum e o f original serum show n in colum n 1. only a part of the antibody, and that polysaccharide precipitation is only partly inhibited by glucuronides, which completely inhibit azo-protein precipitation. The results with amino-euxanthic acid azo-protein therefore afford powerful additional evidence for the belief that glucuronic acid, or some closely related group, is a 'determinant group' responsible for at least part of the specificity between type II pneumococcus antiserum and the type polysaccharide.
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